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Abstract 
Iron is an essential micronutrient for plant growth and development, involved in 
key cellular processes. However, the distribution of Fe in plant tissues is still not 
well known. In the so-called Fe chlorosis paradox, leaves of fruit trees grown in the 
field usually have high concentrations of Fe but still are Fe-deficient. Leaves of the 
Prunus rootstock GF 677 (P. dulcis x P. persica) grown in hydroponics have been 
used to carry out two-dimensional (2-D) nutrient mapping by synchrotron 
radiation-induced X-ray fluorescence. Iron-deficient leaves accumulated more Fe in 
the midrib and veins, with Fe concentration being markedly lower in mesophyll leaf 
areas. The effects of Fe deficiency and Fe re-supply on leaf chlorophyll 
concentration and on the distribution of Fe and other nutrients within different plant 
tissues have been investigated in the same plants. After Fe re-supply, leaf Fe 
concentrations increased largely in all leaf types. However, whereas re-greening 
was almost completely achieved in apical leaves in some expanded leaves the 
increase in chlorophyll concentration was only moderate. Therefore, after Fe re-
supply Fe-deficient expanded leaves of the Prunus rootstock GF 677 had significant 
increases in Fe concentration but were still chlorotic. This is similar to what occurs 
in leaves of peach trees in field conditions, opening the possibility that this system 
could be used as a model to study the Fe chlorosis paradox. 
 
Keywords: inactive iron, iron chlorosis, iron deficiency, iron re-supply, leaf iron 
distribution, Prunus. 
 
Abbreviations: Chl, chlorophyll; EDTA, ethylenediaminetetracetic acid; DW, dry 
weight; µ-SRXF, synchrotron radiation-induced X-ray fluorescence. 
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Introduction 
Iron deficiency is one of the major abiotic stresses affecting fruit tree crops 
growing in calcareous soils in the Mediterranean area. The most obvious effect of Fe 
deficiency is the yellowing of young leaves, and therefore Fe deficiency is usually 
referred to as Fe chlorosis. Peach is one of the fruit tree crops most affected by Fe 
chlorosis, and growers not using appropriate rootstocks and/or Fe fertilization face 
major losses in crop yield and quality (see review by Álvarez-Fernández et al. 
2006), as well as marked reductions in orchard longevity (Sanz et al. 1992). 
In plants, Fe is currently thought to be mobile within the root symplast chelated 
with nicotianamine (NA) (Hell and Stephan 2003, Kim and Guerinot 2007). Then, it 
is generally agreed that Fe is released into xylem vessels, and transported as 
Fe(III)-citrate complexes (Hell and Stephan 2003), possibly in species such as [Fe-
CitrateOH]-1 and [Fe-Citrate2]-3 (López-Millán et al. 2000). Iron is thought to be 
taken up into the leaf symplast by a system including a ferric chelate reductase 
(González-Vallejo et al. 2000; Larbi et al. 2001; Mukherjee et al. 2006), to be 
chelated again by NA in the cell (Hell and Stephan 2003; Takahashi et al. 2003). 
Mobility of Fe from source to sink tissues in plants is still poorly documented (Curie 
and Briat 2003), but Fe is thought to be mobile to some extent in the phloem 
(Krüger et al. 2002; Hüve et al. 2003; Andaluz 2005). 
The peach rootstock GF 677 (P. dulcis x P. persica) is widely used in the 
Mediterranean area (Jiménez et al. 2008, and references therein). Previous studies 
have characterized the leaf nutrient composition (Gogorcena et al. 2004) and 
agronomical performance of this genotype (Iglesias et al. 2004; Zarrouk et al. 
2005). When grown under Fe deficiency, the roots of this rootstock show increased 
proton extrusion (Molassiotis et al. 2006) and Fe-reduction rates (Romera et al. 
1991a, 1991b; Cinelli et al. 2004). However, the elicitation of root Fe reductase 
activity upon Fe deficiency requires in this genotype the presence of some Fe in the 
nutrient solution (Gogorcena et al. 2004). 
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In spite of the efforts in Fe research in the last decades, the distribution and 
roles of Fe in plant organs are still not fully known, especially in woody species. The 
most common technique used to assess the degree of Fe deficiency-chlorosis is the 
measurement of total Fe concentration in leaves, with leaf Fe concentrations 
required for optimal growth being usually in the range of 50 to 150 mg kg-1 dry 
mass (DW) (Marschner 1991). In many cases, however, leaves from Fe-deficient 
plants grown in the field have quite high leaf Fe concentrations (>80-100 mg Fe kg-
1 DW), and there is no good correlation between leaf Fe and Chl concentrations 
(Morales et al. 1998, and references therein). This has been termed the “Fe-
chlorosis paradox” (Morales et al. 1998; Römheld 2000), and suggests that part of 
the Fe acquired from the soil by Fe-deficient plants could be immobilized and 
accumulated in inactive forms somewhere in the leaf (Morales et al. 1998). 
Knowledge on the spatial distribution of nutrients in plant tissues can be gained 
using combinations of image and spectroscopic techniques. For instance, mapping 
metals in woody plant tissues has been done using synchrotron radiation-induced 
X-ray fluorescence (µ-SRXF) and scanning electron microscopy with energy 
dispersive X-ray microanalysis (SEM-EDX) (Marmiroli et al. 1999). Iron distribution 
in different plant organs has been studied using several techniques, including EDX 
(Kosegarten and Koyro 2001), electron spectroscopic imaging (ESI) (Liu et al. 
1998) and reflection X-ray fluorescence spectrometry (TXRF), either alone (Fodor et 
al. 2005) or in combination with EDX (Rodríguez et al. 2005). Two-dimensional µ-
SRXF imaging of metal (including Fe) distribution has been carried out in different 
plant tissues (McNear et al. 2005; Punshon et al. 2005; Isaure et al. 2006). Also, 3-
D µ-SRXF micro-tomography has been used to study Fe localization in seeds (Kim 
et al. 2006). Other techniques such as nuclear magnetic resonance imaging (MRI; 
Lambert et al. 2006) and positron-emitting tracer imaging (PETIS; Ishimaru et al. 
2006) have been only recently used. 
The aim of this work was to investigate the effects of Fe re-supply on the 
changes in Fe and chlorophyll concentrations in different leaf types in the GF 677 
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peach-almond hybrid grown in hydroponics. Also, the leaf nutrient 2-D distribution 
(in midrib, veins and interveinal mesophyll areas) was assessed in Fe-deficient and 
Fe-sufficient GF 677 by µ-SRXF. 
Materials and methods 
Plant material and culture 
Micropropagated GF 677 rootstock plants [Prunus dulcis (Mill.) D.A. Webb x Prunus 
persica (L.) Batsch] were obtained from Agromillora Catalana S.A. (Subirats, 
Barcelona, Spain). Plants were grown for two weeks in 300 mL pots containing a 
peat substrate. 
The protocol to obtain Fe-deficient plants is shown in Figure 1a. Plants were 
transferred to 10 L plastic boxes (30 plants per container) filled with a continuously 
aerated, half-strength Hoagland solution, containing (in mM) 2.5 Ca(NO3)2, 2.5 
KNO3, 1 MgSO4, 1 KH2PO4, and (in µM) 46.2 H3BO3, 9.2 MnCl2, 0.38 CuSO4, 2.4 
ZnSO4, and 0.12 Na2MoO4, pH 6.0. Solutions also contained 90 µM Fe(III)-EDTA. 
Plants were grown in a growth chamber with a photoperiod of 16 h light (220-250 
µmol photon m-2 s-1 at the leaf level) at 23ºC/8 h of darkness at 20ºC, and 70-75% 
relative humidity. The pH of the nutrient solution was adjusted to 6.0 daily using 1 
N HCl. Nutrient solutions were changed every week.  
After 2 weeks of growth, when roots were about 10 cm long, plants were 
transferred to boxes containing 0 µM [-Fe] or 90 µM Fe(III)-EDTA [+Fe] (in both 
cases 10 L boxes, approximately 30 plants per box) (Fig. 1A). After 14 days without 
Fe, [-Fe] plants were re-supplied with 180 µM Fe(III)-EDTA [180Fe] in boxes that 
had previously no Fe (the day of the Fe re-supply was named d 0) (Fig. 1a). Plants 
were grown under these conditions for 7 additional days, and during this period the 
re-supply nutrient solution [180Fe] was renewed every two days, to maintain an Fe 
concentration as constant as possible. In the [-Fe] and [+Fe] treatments solutions 
were renewed every four days. The 180 µM Fe(III)-EDTA concentration was chosen 
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to maximize Fe uptake, considering an early study where it was found that the 
elicitation of FC-R activity after 1 day was larger with 180 than with 45 µM Fe 
(Gogorcena et al. 2000). This Fe concentration was not toxic to plants, since they 
did not show any leaf or root toxicity symptoms, and showed growth rates similar 
to those of controls in experiments lasting several weeks (not shown). 
At d 0, leaves of all plants were labeled with tape: expanded leaves were 
marked 1 to 4, whereas basal leaves were marked 5 to 11. Apical leaves were 
those leaves developed and expanded during the experiments, and were named 0 
to -4 (Fig. 1b; in this figure only three apical leaves, 0, -1 and -2, are depicted). 
Growth was determined by measuring the fresh weight (FW) of the root and 
shoot of every plant in all treatments. 
Two-dimensional elemental leaf distribution 
The 2-D element distribution (mapping) of first expanded leaves of [+Fe] and [-Fe] 
plants was determined by µ-SRXF. Analyses were carried out at beam line D15 
(DCI, LURE, Orsay, France), with a 100-µm beam of 10 keV. Two-dimensional 
mapping was carried out by step-wise scanning of the sample, with a counting time 
of 1 and 2 min in [+Fe] and [-Fe], respectively. Elements were mapped taking into 
account this difference in counting time. Data were not normalized to the intensity 
of the incident X-ray beam, which decreased routinely by approximately 3-7% 
during the scanning time (usually several hours). The resolution of the probe was 
approximately 100 µm, and the analysis corresponded to the full depth (thickness) 
of the leaf. 
First expanded leaves were taken from 5-weeks old [+Fe] and [-Fe] plants at d 
7. Leaves of [+Fe] plants had approximately 285 µmol chlorophyll (Chl) m-2 and 
267 mg Fe kg-1 DW, whereas those of [-Fe] plants had approximately 28 µmol Chl 
m-2 and 155 mg Fe kg-1 DW (Fig. 2). Leaves were washed, dried on absorbent 
paper, and square leaf pieces, approximately 3 x 3 mm, including midrib, veins and 
interveinal spaces (Fig. 2) were scanned for macro- (Ca, K, and S) and micro-
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nutrients (Fe, Mn, Zn, Cu, and Cl). Traces of other elements, such as Cr, V and Ti, 
were also observed (data not shown). 
Leaf chlorophyll determination 
Leaf chlorophyll was monitored daily in 4 plants per treatment, using a SPAD 502 
meter (Minolta Co., Osaka, Japan). Six SPAD measurements per leaf, 
homogeneously distributed from the apex to the base of the leaf, were taken and 
averaged to obtain a representative Chl concentration value. For calibration, leaf 
disks with different degrees of Fe deficiency were first measured with the SPAD and 
then extracted with 100% (v/v) acetone in the presence of Na ascorbate. 
Chlorophyll was measured spectrophotometrically according to Abadía and Abadía 
(1993). The relationship between SPAD values and Chl concentration (in µmol m-2) 
was Chl = 0.127 SPAD2 + 0.694 SPAD + 16.909 (R2 = 0.99) (data not shown). 
Iron analysis 
Iron concentrations were measured in apical (0 to -4 in the controls, 0 to -3 in the 
[180Fe] and 0 to -2 in the [-Fe]), expanded (1 to 4) and basal leaves (5 to 11), 
stems and roots (Fig. 1b). Samples were run in 3 replicates, except for apical 
leaves, which had a very low mass and were pooled in a single sample.  
Samples were washed with 0.1 M HCl to eliminate contamination from the 
nutrient solution, and then rinsed three times with ultrapure water. In the case of 
leaves the midrib was removed. Then, samples were dried in a forced air oven at 
60 ºC during 48 h, ground to powder, dry-ashed and the residue dissolved in HNO3 
and HCl following standard procedures (A.O.A.C. 1990). Iron was determined by 
flame AAS (Unicam-969 AA spectrometer). 
Measurement of in vivo root Fe(III)-EDTA reduction with intact plants 
Plant roots were thoroughly rinsed in de-ionized water, and individual plants were 
transferred to 50 mL black plastic beakers, covered with tape to exclude light, 
containing 50 mL of 300 µM bathophenanthrolinedisulfonic acid (BPDS; ACROS 
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Organics) and 10 mM MES pH 6.0, as described in Gogorcena et al. (2000). The 
buffer solution was continually aerated by using plastic tubing. Once plants had 
been placed in the beakers, Fe(III)-EDTA (Sigma) was added to a final 
concentration of 500 µM. After 1 h, 1 mL aliquots were taken and centrifuged. 
Reduction rates were estimated spectrophotometrically from the formation of the 
Fe(II)-BPDS3 colored complex at 535 nm from Fe(III)-EDTA (Chaney et al. 1972; 
Bienfait et al. 1983), using an extinction coefficient of 22.14 mM-1 cm-1. Blank 
measurements without plants were also carried out. 
Root FC-R activity was measured at d 0, d 3 and d 7 for [+Fe], d 0, d 4 and d 7 
for [-Fe], and daily from d 1 to 7 for [180Fe], with 4 replicates per treatment. 
Plants used for FC-R measurements were also used for Fe analysis and growth 
measurements. 
Statistical analysis 
Data were evaluated by analysis of variance with SPSS 13.0.1 (SPSS, Inc, Chicago, 
USA). When the F test was significant, means were separated by Duncan’s Multiple 
Range test (P ≤ 0.05). Regression analysis was carried out by Pearson’s correlation 
analysis. 
Results 
Plant growth 
After 14 days without Fe (at d 0), shoot growth was significantly inhibited by Fe 
deficiency, whereas root growth was unaffected when compared with that of control 
plants (Table 1). The fresh weight of [-Fe] leaves was reduced especially in apical 
leaves, where it was less than 20% of that of [+Fe] leaves (data not shown). After 
21 d of imposing Fe deficiency (at d 7), shoot growth was significantly inhibited by 
Fe deficiency, whereas root growth was still not significantly affected (Table 1). At 
this stage, five (leaves 0 to -4) and four (leaves 0 to -3) new apical leaves had 
expanded in [+Fe] and [180Fe] plants, respectively, whereas only two new leaves 
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(leaves 0 and -1) had appeared in the [-Fe] plants. The Fe re-supply induced very 
little growth in the Fe-deficient plants during the 7 days of the experiment (Table 
1). However, in the long term (several weeks) Fe-resupplied plants grew very well, 
with growth rates comparable to those of Fe-sufficient controls (data not shown). 
Leaf nutrient distribution 
The 2-dimensional element distribution showed remarkable differences between 
[+Fe] and [-Fe] leaves. Typical elemental maps in both types of leaves are shown 
in Figs. 3 and 4. Major differences occurred in nutrient concentrations, and in their 
distribution among midrib, veins and interveinal mesophyll areas. 
Under [+Fe] conditions, Fe was preferentially located in the midrib, and no 
differences were found between veins and interveinal areas (Fig. 3). Iron co-
localized with Mn, Zn, Cu, and Ca (Table 2; Figs. 3 and 4). Potassium and Cl were 
preferentially located in the midrib and veins, whereas S was distributed 
homogeneously (Fig. 4). 
Under [-Fe] conditions, Fe concentrations were low in all leaf parts, and 
especially in interveinal areas (Fig. 3). The Mn, Zn and Cu signals were higher in [-
Fe] plants than in the Fe-sufficient controls. Fe co-localized with Mn, Zn, and Ca, 
but not with Cu (Table 2; Figs. 3 and 4). Copper was preferentially located in the 
midrib (Fig. 3), whereas the distribution of K, Cl and S was fairly homogeneous 
(Fig. 4). The lack of significant co-localization of Cu and Fe in [-Fe] conditions 
(Table 2) was due to the low Cu signals in veins (Fig. 3), and the reason for this is 
not known. Also, the basis for the differences in localization of K and Cl in [-Fe] and 
[+Fe] conditions deserve further investigation, although in the case of K it may be 
related to the known increases in leaf K concentration with Fe deficiency. 
Leaf chlorophyll concentration 
Four different groups of leaves can be distinguished when looking at the Chl 
concentrations of the [-Fe], [+Fe] and [180Fe] plants after 7 days of Fe re-supply 
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(Fig. 5). The first group included apical leaves (leaves 0 to -4), which had re-
greened almost completely 7 days after Fe-re-supply; in leaves 0 to -3 differences 
in Chl concentration between [+Fe] and [180Fe] plants were not significant (data 
not shown). In a second group of leaves, which included young leaves already 
expanded at the start of the treatment (leaves 1 to 4) the Chl values in the [180Fe] 
treatment did not reach those found in the [+Fe] controls (this group is enclosed in 
a box in Fig. 5). A third group of leaves (leaves 5 to 7) was only moderately 
chlorotic at the start of the treatment and Chl did not increase significantly 
thereafter, whereas a fourth group corresponding to the most basal, older leaves 
(leaves 8 to 11) was always green in all treatments. 
Iron concentrations of different plant parts 
In leaves, Fe concentrations increased after Fe re-supply until days 3-4 (Fig. 6) to 
decrease slightly thereafter. At d 3-4, the leaf Fe concentration of [180Fe] plants 
was in the range 350-650 mg Fe kg-1 DW, more than two-fold higher than those 
found in the [+Fe] and [-Fe] plants (50-230 mg Fe kg-1 DW). Apical, expanded and 
basal leaves had similar Fe concentrations during the experiment for a given 
treatment.  
Roots of Fe-deficient plants had Fe concentrations of approximately 400 mg kg-1 
DW, lower than those found in the Fe-sufficient controls (Fig. 6). However, only 1 
day after re-supply Fe concentrations in roots were approximately 2,000 mg Fe kg-1 
DW, and similar concentrations were also found in the following days. It should be 
taken into account that the acid procedure used to wash roots is unlikely to remove 
all Fe that could precipitate in the root apoplast of plants grown in hydroponics with 
Fe-chelates (e.g., 75% of the total Fe in dry bean, Bienfait et al. 1985, and 84% in 
poplar, Fodor et al. 2005). In the stems the re-supply treatment did not lead to Fe 
concentrations above 170 mg Fe kg-1 DW, values not much higher than those found 
in the controls. 
Relationships between Fe and chlorophyll concentrations during Fe re-supply 
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When looking at Fe and Chl leaf concentration values, basal leaves were found to 
behave differently to expanded and apical leaves during Fe re-supply (Fig. 7). In 
basal leaves the mean Chl concentration remained fairly constant (not significant 
differences were found at P ≤ 0.05), whereas the mean Fe concentrations increased 
significantly (at P ≤ 0.001). Expanded leaves, however, responded first with 
increases in both Chl and Fe concentrations, followed by further increases in Chl 
that were accompanied by decreases in Fe (P ≤ 0.01). Apical leaves responded 
similarly to expanded leaves, although no statistical significances can be inferred 
due to lack of replicates. 
Root ferric chelate-reductase (FC-R) activity 
The FC-R activity of Fe-sufficient plants was in the range 5-8 nmol Fe(II) g-1 FW 
min-1, whereas those of Fe-deficient plants were lower than 1 nmol Fe(II) g-1 FW 
min-1 (Fig. 8). This is in agreement with previous reports indicating that the 
elicitation of FC-R activity in Fe-deficient Prunus spp. require the presence of some 
Fe in the nutrient solution (Gogorcena et al. 2000; 2004). After 1 day of Fe re-
supply, the FC-R rates increased to approximately 14 nmol Fe(II) g-1 FW min-1 (Fig. 
8). On days 2 to 4, the FC-R activities of [180Fe] plants decreased to approximately 
10 nmol Fe(II) g-1 FW min-1, and on days 5 to 7 rates were lower than those found 
in [+Fe] plants. Therefore, on day 1 after re-supply the FC-R activity of [180Fe] 
plants was approximately 2.5-fold higher than that of [+Fe] plants, and 
approximately 13.5-fold higher than [-Fe] plants before Fe re-supply. 
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Discussion 
Measuring total leaf Fe concentration is one of the most common techniques used 
to assess the degree of Fe chlorosis. This approach, however, presents major 
problems, since in many cases when leaves from field-grown, Fe-chlorotic plants 
are analyzed, leaf Fe concentrations are relatively high (>80-100 mg Fe kg-1 dry 
mass). These Fe concentrations do not correlate with leaf Chl, and this has been 
called the “Fe-chlorosis paradox” (Morales et al. 1998; Römheld 2000). Iron 
deficiency has been reported to decrease shoot growth in several species, including 
grapevine (Gruber and Kosegarten 2002; Jiménez et al. 2007), peach (Shi et al. 
1993; Alcántara et al. 2000) and the GF 677 peach x almond hybrid (this work), 
and Fe deficiency may prevent nuclear and cellular division by inhibiting key 
metabolic enzymes such as ribonucleotide reductase (Kosegarten and Koyro 2001) 
and impair meristematic growth (Mengel 1994). Reductions in leaf growth would 
produce apparently high Fe concentrations, when expressed on a dry matter basis 
(Römheld 2000). 
The “iron chlorosis paradox” could be associated to a tissue-specific Fe location 
(Römheld 2000). Iron localization, assessed by synchrotron radiation-induced X-ray 
fluorescence, indicate that in chlorotic leaves Fe is preferentially located in midribs 
and veins, with interveinal mesophyll areas having low Fe. Iron-sufficient leaves 
had similar Fe concentrations in veins and interveinal mesophyll areas, with high Fe 
concentrations being found in midribs. Leaf mineral analyses are usually carried out 
after midrib removal, and a large part of the total leaf Fe is located in this tissue, 
both in Fe-sufficient and Fe-deficient leaves. Using for analyses chlorotic leaves 
where the midrib has been removed would still produce somewhat high Fe 
concentrations, because vein areas in these leaves could have high Fe. To observe 
a more marked difference in Fe concentration between chlorotic and Fe-sufficient 
leaves leaf mineral analysis should be carried out with interveinal mesophyll areas. 
These differences of Fe distribution between chlorotic and Fe-sufficient leaves may 
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also explain why chlorosis is often interveinal, with Fe and Chl co-localizing in areas 
close to the midrib and veins. 
The accumulation of divalent metal cations under Fe deficiency conditions may 
be related to the lack of specificity of transporters and the FC-R, since both proteins 
may use other metals in addition to Fe (Reid 2001; Chen et al. 2004; Kim and 
Guerinot 2007). Leaf P increased with Fe chlorosis (Jiménez 2006), and this might 
indicate that the accumulated Fe could be precipitated as insoluble Fe-phosphate or 
other Fe- and P-containing compound such as phytate. In seeds and roots, K, Mg, 
Cu, Zn, Fe and Ca are stored in association with phytate (Becker et al. 1995, and 
references therein), and in rice grain P, Fe, Zn, Cu and Mn concentrations also 
correlate with phytate (Stangoulis et al. 2007). In Fe-deficient leaves all these 
elements co-localize (Table 2) and also increase their concentrations, with the 
exception of Fe (Figs. 3 and 4, and Jiménez 2006). The presence of phytate or 
another Fe phosphate compound in the midrib and veins of chlorotic leaves has not 
been investigated so far. The nature of physiologically inactive Fe pools is a matter 
that deserves further investigation. 
There are some biochemical and physiological reasons by which the entrance of 
Fe from midribs and veins to leaf limb cells may be hampered. These include an 
impairment of the Fe(III)-chelate reductase enzyme needed to reduce Fe(III) to 
Fe(II) before it enters leaf cells. Possible causes include an intrinsic decrease in 
Fe(III)-chelate reductase enzyme activity (González-Vallejo et al. 2000; Larbi et al. 
2001), a possible shift in the apoplastic pH (González-Vallejo et al. 2000; López-
Millán et al. 2001; Nikolic and Römheld 2003) and an accumulation of organic acids 
in the apoplastic space (López-Millán et al. 2000, and references therein). Also, the 
Fe(II) transporter needed in leaves could be inhibited in Fe-deficient leaves. All of 
these reasons could lead to the accumulation of physiologically inactive Fe pools in 
the apoplast of chlorotic leaves. 
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Growing plants under Fe deficiency conditions for some time and then re-
supplying Fe in controlled growth chambers could be a good method to mimic the 
“Fe chlorosis paradox” in laboratory conditions. After two weeks of Fe deficiency, 
there was a gradient of leaf Chl concentrations from fully yellow apical youngest 
leaves, through expanded leaves with typical interveinal Fe chlorosis symptoms, 
and then to basal leaves, including some leaves (leaves 5 to 7) slightly affected by 
Fe deficiency and other (leaves 8 to 11) fully green. Apical leaves became green 
quickly after Fe re-supply, whereas fully chlorotic leaves re-greened very fast (data 
not shown). However, expanded leaves having a mild chlorosis did not regreen 
completely, confirming previous results of Alcántara et al. (2000). Upon Fe re-
supply, all leaf types had large increases in Fe concentrations. Therefore, some 
leaves were still chlorotic but had high Fe concentrations (mimicking the “Fe 
chlorosis paradox”). Lack of re-greening of expanded leaves upon Fe re-supply 
could be explained by difficulties in recovering damaged structures or in using 
newly acquired Fe in cells (Bohórquez et al. 2001). 
In conclusion, Fe was located preferentially in the midrib and veins in Fe-
deficient leaves, and this could explain why chlorosis is often interveinal in field-
grown chlorotic materials. This could be among the causes leading to the 
appearance of the “Fe chlorosis paradox”. Growing plants under Fe deficiency 
conditions for some time and then re-supplying Fe could be a good method to 
mimic the “Fe chlorosis paradox” in controlled growth chambers, to better explain 
how plants transport Fe in different plant tissues. 
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Tables 
Table 1 Plant growth of GF 677 plants during the 7-d Fe re-supply experiment.  
Plants had been grown previously for 14 d with 90 µM Fe [+Fe] or 0 µM Fe [-Fe]  
Fresh Weight (FW) was measured at days 0 and 7 in Fe-deficient plants growing 
with 0 µM Fe ([-Fe]), in Fe-sufficient plants growing with 90 µM Fe(III)-EDTA 
([+Fe]) and in re-supplied plants growing with 180 µM Fe(III)-EDTA [180Fe]. At 
each time point, measurements were carried out in different plants. 
 
Treatment Day 
 Root fresh     
weight (g) 
 Shoot fresh     
weight (g) 
+Fe 0  0.85 ± 0.11 a  3.2 ± 0.2 b 
  7  1.42 ± 0.03 b  6.0 ± 0.1 c 
-Fe 0  0.74 ± 0.07 a  2.5 ± 0.2 a 
  7  1.26 ± 0.19 b  3.6 ± 0.3 b 
180Fe 0  0.74 ± 0.07 a  2.5 ± 0.2 a 
 7  1.06 ± 0.12 ab  3.2 ± 0.3 b 
532 
533 
534 
Data are means ± SE of 4 replicates. Means in the same column followed by the 
same letter were not significantly different, using Duncan’s multiple range test at P 
≤ 0.05. 
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Table 2 Relationships between the concentrations of different elements in GF 677 
leaves growing with 90 µM Fe(III)-EDTA [+Fe] and 0 µM Fe(III)-EDTA [-Fe]. Data 
were obtained from the elemental maps shown in Figs. 3 and 4, plotting 
synchrotron radiation-induced X-ray fluorescence (µ-SRXF) values of each element 
versus the other. Each correlation was calculated with 900 data pairs (3 x 3 mm 
area, 100 µm resolution). 
 
Treatment Fe Mn Zn Cu Ca K Cl 
[+Fe] Mn 0.671**       
 Zn 0.559** 0.745**      
 Cu 0.589** 0.660** 0.696**     
 Ca 0.501** 0.830** 0.643** 0.530**    
 K ns 0.591** 0.655** ns 0.588**   
 Cl ns ns ns ns ns 0.731**  
  S ns ns ns ns ns ns ns 
[-Fe] Mn 0.773**       
 Zn 0.715** 0.702**      
 Cu ns ns ns     
 Ca 0.569** 0.689** 0.428** ns    
 K ns ns ns ns ns   
 Cl ns ns ns ns ns 0.790**  
 S ns ns ns ns ns 0.501** 0.523** 
542 Significance: * P ≤ 0.05, ** P ≤ 0.01, ns no significant. 
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Figure captions 
Fig. 1 (a) Protocol for inducing Fe deficiency and carrying out Fe re-supply in GF 
677 plants. (b) Labeling of leaves in GF 677 plants. Leaves 1 to 4 and 5 to 11 were 
expanded and basal leaves, respectively, at the start of the re-supply experiment.  
Leaves 0 to -4 (only 0, -1 and -2 shown in the graph) were leaves developed during 
the seven-day re-supply period. 
Fig. 2 Leaf sections (3 x 3 mm) of control, Fe-sufficient (approximately 285 µmol 
Chl m-2) and Fe-deficient (approximately 28 µmol Chl m-2) leaves scanned by 
synchrotron radiation-induced X-ray fluorescence (µ-SRXF). 
Fig. 3 Two-dimensional Fe, Mn, Zn and Cu mapping in Fe-sufficient [+Fe] and Fe-
deficient [-Fe] GF 677 leaves, obtained by synchrotron radiation-induced X-ray 
fluorescence (µ-SRXF). Color indicates fluorescence intensity in relative units. 
Fig. 4 Two-dimensional Ca, K, Cl and S mapping in Fe-sufficient [+Fe] and Fe-
deficient [-Fe] GF 677 leaves, obtained by synchrotron radiation-induced X-ray 
fluorescence (µ-SRXF). Color indicates fluorescence intensity in relative units. 
Fig. 5 Chl concentration (µmol m-2) of the different leaves along the stem of GF 677 
plants growing in nutrient solutions containing 0 µM Fe(III)-EDTA [-Fe], 90 µM 
Fe(III)-EDTA [+Fe] or 180 µM Fe(III)-EDTA [180Fe]. Values shown were those 
found on day 7. Chlorophyll concentrations are shown for apical (0 to -4), expanded 
(1 to 4) and basal leaves (5 to 11). Data are means ± SE of four replicates. 
Fig. 6 Time course of the Fe concentration changes (in mg Fe kg-1 DW) in different 
parts of GF 677 plants: apical, expanded and basal leaves, stems and roots, grown 
continuously with 0 µM [-Fe] or 90 µM Fe(III)-EDTA [+Fe], or without Fe for 14 
days and then re-supplied with 180 µM Fe(III)-EDTA [180Fe]. Data were obtained 
at days 0, 4 and 7 for [-Fe]; days 0, 3 and 7 for [+Fe], and days 1 to 7 for the 
[180Fe] treatment, being 0 the day of Fe re-supply. Data are means ± SE of three 
replicates, except for three of the apical samples for [180Fe] (d 1 to 3), where not 
enough material was available to run replicates. 
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Fig. 7 Relationships between mean Fe concentration (mg kg-1 DW) and mean 
chlorophyll concentration (µmol m-2) in apical (solid circles), expanded (open 
circles), and basal (solid squares) leaves from GF 677 plants during Fe re-supply 
(from day 0 to 7, [180Fe]). Arrows indicate the sequence of events for Fe and 
chlorophyll concentration during Fe re-supply. 
Fig. 8 Time course of the changes in root ferric chelate-reductase (FC-R) activity 
(nmol Fe2+ g-1 FW min-1) for whole GF 677 plants growing in nutrient solutions 
containing 0 µM Fe(III)-EDTA [-Fe], 90 µM Fe(III)-EDTA [+Fe] or 180 µM Fe(III)-
EDTA [180Fe]. Data were obtained at days 0, 4 and 7 for [-Fe]; days 0, 3 and 7 for 
[+Fe], and days 1 to 7 for the [180Fe] treatment, being 0 the day of Fe re-supply. 
Data are means ± SE of four replicates. 
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